the IFN sensitivity-determining region (13), and appears to lack major elements of secondary structure (22). Recent studies have demonstrated that domain III (residues 356-447) plays a critical role in infectious virion assembly but not in RNA replication (1, 34) , and that the former role is modulated by phosphorylation within the domain (33). High throughput screening of small molecule inhibitors using HCV replicon cell systems has 5 identified NS5A as a promising therapeutic target (31).
-4 -the IFN sensitivity-determining region (13), and appears to lack major elements of secondary structure (22) . Recent studies have demonstrated that domain III (residues 356-447) plays a critical role in infectious virion assembly but not in RNA replication (1, 34) , and that the former role is modulated by phosphorylation within the domain (33) . High throughput screening of small molecule inhibitors using HCV replicon cell systems has 5 identified NS5A as a promising therapeutic target (31) .
A crystal structure of domain I lacking the amphipathic helix and spanning residues 25-215 showed two subdomains and a homodimeric association, and was interpreted as having a potential role in RNA binding (36) . Although specific binding to domain I was not described, RNA binding to full-length NS5A has been reported, using for example 10 the 3'-UTR of HCV (15) . Efforts in our laboratory to study the structure of NS5A have yielded an alternative arrangement of the domain I homodimer (residues ) that differs substantially from that previously described. The observation that the NS5A domain I homodimer can exist in alternate configurations may have ramifications for the role of NS5A in the viral life cycle. 15
MATERIALS AND METHODS

Materials. Ultra Yield™ protein expression flasks (5) were purchased from
Thomson Instrument Company (Carlsbad, CA). Benzonase nuclease was obtained from 20 Novagen, and Terrific Broth (TB) was purchased from Teknova (catalog number T7100; 12.00 g/l casein peptone, 2.31 g/l KH 2 PO 4 , 24.00 g/l yestolate, 16 ml/l glycerol). Tobacco etch virus (TEV) protease containing the S219V mutation was produced in-house by GTC.GTC.GTC.CAT.GGA.AGT.GAG.CAC'), as 5' and 3' amplification primers, 15 respectively. The 3' primer includes nucleotides that append the NS5A sequence with a sequence encoding (Asp) 4 -Lys, which is the enterokinase recognition sequence believed to improve the solubility of the NS5A domain I construct reported previously (36), followed by a translation stop codon. The blunt-ended PCR product was TOPO-ligated into pLJEC1 and transformed into E. coli strain BL21(DE3) for production of 20 recombinant NS5A . Refitting proceeded using MIFit (Rigaku Americas Corp.), and atomic refinement was performed with REFMAC (27) . Data and refinement statistics are shown in Table 1 .
The final model consists of residues 32-191 in monomer A and 33-191 in monomer B. 5
Residue 32 of monomer A (leucine) was visible but this originates from the TEV cleavage site and is not part of the endogneous HCV sequence (which would be proline for this genotype). PROCHECK indicated only one disallowed residue, Phe 36, which lies in a highly constrained region next to the zinc site. However, this residue's dihedral angles fall within the allowed gamma-turn region of updated Ramachandran plots (24) . 10
Electron density was present for a portion of the maltose detergent (bound to monomer A only, remote from the dimer interface), and therefore a partial model was built which lacks the second sugar ring. Density was not observed for the PC-9 detergent. One glycerol molecule was fit into extended density found at the dimer interface in both the PC-9 and maltose detergent cases. The two models of domain I dimer obtained from 15 these two detergents are essentially equivalent, with RMS difference on all Cα atoms of only 0.25 Å; the PC-9 case is used henceforth to represent NS5A .
Solvent accessible surface calculations were performed using CNX with the default probe radius of 1.4 Å. Surface complementarity (SC) was calculated using CCP4 (7) 
RESULTS
5
Production of recombinant NS5A(33-202). To date, recombinant forms of NS5A consisting of domain I alone, or the near full-length protein containing domains I-II-III, have been produced in E. coli as an initial chimeric species with yeast ubiquitin that, following translation, undergoes processing in vivo by yeast ubiquitin protease (Ubp1) generated from the co-expression plasmid pCG1 (16, 35, 36) . In order to move away 10 from this dependency on ubiquitin and ubiquitinase as co-expression partners, the production of NS5A in the current study utilized an N-terminal TEV-cleavable polyhistidine purification tag that allowed for efficient overexpression in E. coli.
Our initial work with NS5A domain I utilized the same HCV boundaries (residues 25-215) as described previously (35, 36) . However, endogenous proteolysis in E. coli led 15 to a mixture of protein species in the final preparation as a result of incomplete cleavage of NS5A at the Met 202-Leu 203 junction (determined by mass spectrogram analysis; data not shown). Although mutagenesis of these two residues to Ala eliminated this proteolytic event, the alternate construct terminating at Met 202 was adopted for further studies. Truncation of the N-terminus at Gly 33 improved recombinant protein expression 20 levels. The recombinant protein was appended at its C-terminus with the cleavage recognition sequence for enterokinase (Asp) 4 -Lys since it was postulated that this charged motif probably increases the solubility of the recombinant NS5A products (35, Ordered residues of NS5A(33-202) consist of , whereas residues 36-198 were observed in the previous structure of NS5A . The stabilization of a few extra residues at the N-terminus in NS5A(33-202) appears to arise from crystal packing, since 5 relatively hydrophobic residues Phe-36/Phe-37 associate with the same residues of symmetry-related molecules (this applies to either monomer of the dimer). At the Cterminus of NS5A , amino acids beyond residue 191 are disordered; their presence in NS5A(25-215) could be attributed to more extensive crystal contacts but may also reflect added stability provided by a disulfide bond at Cys 190. 10 The association of monomers in the dimer of NS5A(33-202) is significantly different from that in the previous structure of NS5A (Fig. 1,2) . In NS5A (33- The electrostatic surface potential for the NS5A(33-202) dimer is shown in Fig. 3 .
There is a predominance of basic charge at the N-terminal end of the dimer, and more acidic charge at the C-terminal end. In both of the domain I dimers there is a presentation 5 of hydrophobic and basic residues at the end presumably closest to the membrane surface, and in NS5A (Fig. 4) . Interestingly this face of the monomer is fully exposed in the NS5A(25-215) structure and was noted for its large patch of conserved residues which might represent an important molecular interaction surface (36). Finally, a glycerol molecule lies on approximately the two-fold axis between monomers, trapped within a cavity that also contains several ordered water molecules 10 (Fig. 4, 6A) . The glycerol's hydroxymethyl groups form hydrogen bonds with Arg 160 N from each monomer, while the central hydroxyl interacts with Tyr 161 N of monomer A.
DISCUSSION
The dimer observed in the crystal structure of either NS5A(33-202) or NS5A 215) suggests a mechanism of membrane anchoring for NS5A via two N-terminal, amphipathic alpha-helical "arms" which extend away from the core of each monomer. (Fig. 6A) is an unlikely explanation for that particular configuration. Glycerol was present in the protein buffer during 10 preparation and crystallization of both constructs, and its presence here may simply reflect a fortuitous proximity of backbone amides. Ordered glycerol is commonly found in crystal structures.
A complication of this survey is that the oligomeric state of our purified NS5A in solution (both versions of domain I, and 3-domain), alone or with additives, could not be 15 determined unambiguously despite a number of attempts using a variety of biophysical measurements. Sedimentation velocity and equilibrium analysis, dynamic light scattering, and small angle x-ray scattering (SAXS) all indicated that, over a variety of concentrations, the oligomeric state is heterogeneous with a wide range of molecular weight species (data not shown). Interestingly, the SAXS analysis suggested an 20 oligomerization mode more reminiscent of an ordered assembly rather than random aggregation, since the latter has its own unique and distinctive scattering profile. a Values in parentheses refer to the highest resolution shell. b R sym = Σ |< I > -I |/ Σ I where I is measured intensity for reflections with indices hkl. c R factor = 100 x Σ |F o -F c I|/ Σ |F o | ; R free = free R-factor based on random 2% of all data.
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